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Abstract

Combinatorial Modulation of Multiple Signaling Pathways to Gain Therapeutic Response
in Breast and Prostate Cell Carcinomas
By William Tressel Hawkins 1I, M.S.
A Dissertation submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2006

Major Director: Paul Dent, Ph.D.
Professor of Biochemistry

Our laboratory is primarily interested in novel pharmacological intervention of cell
proliferation and survival pathways expressed in various types of cancer. These cyto-
protective pathways can be activated in response to growth factor stimulation, toxic insult
and radiation. In our studies, we utilized novel drug combinations with and without
radiation to enhance breast & prostate tumor cell death both in vitro and in vivo. Previous
studies from our group have shown that UCN-01 and MEK1/2 inhibitors interact to cause
tumor cell death in transformed cell lines in vitro. We extended this observation to an in

vivo animal model system using the estrogen dependent breast cell carcinoma line MCF-
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7 and the estrogen independent breast cell carcinoma line MDA-MB-231. This drug
combination was shown to profoundly reduce tumor cell proliferation in vivo and also
exhibited the ability to significantly reduce ex-vivo tumor cell colony formation 30 days
after cessation of the combination drug treatment. In addition, tumor cell death coincided
with decreased ERK1/2 phosphorylation, reduced immunoreactivity of Ki67 and CD31.
Overall, these studies demonstrate that UCN-01 and MEK /2 inhibitors have the
potential to suppress mammary tumor growth in vivo which is independent of p53 status,
estrogen dependency, caspase-3 levels or oncogenic K-RAS expression. In our LnCap
prostate carcinoma cell studies we demonstrated the impact of hCG and lovastatin in
combination with ionizing radiation to radiosensitize and enhance tumor cell lethality.
This enhancement was attributed to the hCG-induced activation of ERBB1 via a GPCR,
MEK1/2 and metalloprotease dependent paracrine mechanism which was further
enhanced by radiation. This enhanced cell killing effect was shown to involve prolonged
activation of PARP1 which could be suppressed by inhibition of ERBB1, MEK1, PI3
kinase or PARP1. Therefore, the combination of hCG, lovastatin and radiation may

represent a novel approach to kill prostate cancer cells and potential new therapy.



Introduction

1.1 Cancer

Carcinomas are defined as malignant neoplasms of epithelial origin arising from any of
the three germ layers; ectoderm, mesoderm or endoderm. Carcinomas are further
classified upon the organ of origination and microscopic evaluation of cell morphology.
Tumors displaying a glandular growth pattern are referred to as adenocarinomas, e.g.
prostate adenocarcinoma and breast cell adenocarcinoma. And those tumors which
produce distinctive squamous cells arising from any epithelium in the body are referred
to as squamous cell carcinomas, e.g. bronchogenic squamous cell carcinoma. Neoplasia
refers to “new growth” in which both benign and malignant tumors share two basic
components: (1) the proliferation of new growth that makes up the parenchyma and (2) a
supportive architecture made up of connective tissue and blood vessels. Malignant tumors
share four characteristics which occur in phases: (1) a target cell undergoes a malignant
change, referred to as transformation (2) proliferation of the transformed cell (3) marked
by local invasion and (4) resulting in distant metastasis. Today, the common term for all

malignant tumors is cancer. (Kumar, Abbas and Fausto (eds), 2005).



The beginning of the 21% century saw 10 million new cases of cancer and 6 million
cancer related deaths worldwide (Parkin, 2000) . In the United States, figures released by
the American Cancer Society estimate 556,000 cancer related deaths at a rate of 1500 per
day and accounting for 23% of all deaths in the United States in 2003 (Jemel et al, 2003).
However, advances in the treatment of cancers have resulted in a decline in cancer related
mortality during the last decade of the 20™ century (Simmonds, 2003). In addition, the
dramatic improvements in the 5 year survival rates for many forms of cancer are
continuing to this day.

The most common forms of cancer occurring in men are prostate, lung and colorectal,
and the most common forms of cancer occurring in women are breast, lung, colon and
rectal. Cancer of the lungs, female breast, prostate and colon/rectum comprise more than

50% of new cancer cases and deaths in the United States (Weir et al, 2003).

1.2 Breast Cell Carcinoma

Breast cell carcinoma is the most common form of non-skin cell cancer in woman. In
2006, breast cell carcinoma is estimated to account for approximately 62,000 newly
diagnosed cases, 212,000 new cases of invasive cancer and 41,000 deaths in the United

States. Better treatments and early detection and screening account for significant



increases year over year in the five year survival rate and breast cancer death rates have

declined on average, 2.4% per year since 1990 (Smigal et al, 2006).

Breast cell carcinomas are manifested as invasive ductal carcinomas, medullary
carcinomas, inflammatory carcinomas, papillary inyasive ductal carcinomas, invasive
lobular carcinomas and adenocarcinomas. They are further classified by their genetic
expression profile or mutation, (e.g.) Steroid receptor status; i.e., estrogen receptor-alpha
(ER), progesterone receptor (PgR), Growth factor status; i.e., epidermal growth factor
receptor (EGFR), Her-2/neu (ERBB2), Transforming growth factor-alpha (TGF-a),

germ-line mutation status; BRCA1/2, etc.

The three most commonly used (ER+) breast cell carcinomas (BCC) lines for in vivo
studies in mice are MCF-7, T-47D and ZR-75-1 which require some form of estrogen
supplementation for tumorogenesis to occur in nude mice. The two most commonly used
(ER-) BCC lines are MDA-MB-231 and MDA-MB-435 which are more aggressive than
their ER+ counterparts and MDA-MB-435 is the most likely to develop metastasis in
nude mice. The number of established breast cancer cell lines for use in experimental
research is remarkably small, only about 100 known and with three cell lines, MCF-7,
T47D and MDA-MB-231 accounting for two-thirds of all abstracts reporting

experimental study results found on Medline/PubMed (Lacroix and Leclercq, 2004).



Male breast cancer is rare, about 1.4% of all breast cancer cases occur in men.

The average male has a lifetime risk of developing breast cancer of about 0.11%, while a
woman’s risk is 13%. Male breast cancer accounts for approximately 1500 new cases per
year and about 400 deaths. Between 4 and 14% of male breast cancer is linked to a
hereditary BRCA2 mutations. But male breast cancer is far less common in families with
BRCA1 mutations. And 3-8% occurs in males with Klinefelter syndrome (male
hypogonadism with an XXY karyotype). Pathology of male breast cancer is nearly
identical to that of woman except that 81% of male breast cancers are estrogen receptor
positive (ER+). Systemic treatment and prognostic factors are nearly similar for both

men and women (Giorodano and Buzdar, 2002).

1.3 Prostate adenocarcinoma

In men, prostate cancer is the most common malignancy, which in the United States is
estimated to account for an additional 230,000 cases diagnosed in 2006 and result in

around 31,000 deaths (Sivaprasad et al, 2006).

Cancer of the prostate involves multimodality treatment including radiation, hormone
therapy and surgery. Greater than 90% of all prostate cancer patients treated with any of

the methods above live 15 years or longer after diagnosis (American Cancer Society,



2004). Surgical re-section (i.e. radical prostatectomy) and radiation therapy with either
external focused-beam or brachytherapy (interstitial placement of radioactive seeds) are

commonly used for the treatment of prostate cancer.

Hormonal manipulation or endocrine therapy is treatment of choice, for metastatic or
advanced prostate cancer (Droller MJ, 1997). The dependence of prostate cells on
androgens to sustain them allows for the use of endocrine manipulation to deprive the
cells of testosterone. This strategy employs the administration of lutenizing hormone-
releasing hormone (LHRH) agonists which suppresses testosterone production. However,
during the course of prostate tumor cell progression, testosterone insensitive clones
emerge during this type of therapy which results in a poor prognosis for the patient

(Armas et al, 1994).

Initially, prostate cell growth is under the control of androgen regulation. As pathogenesis
of the prostate progresses from benign prostatic hypertrophy (BPH) to prostate
carcinoma, various growth determining changes occur. A survey of biopsy specimen’s of
BPH and prostate carcinoma cells found that as the disease progressed through its
clinically defined stages, cellular events occurred that corresponded with their growth

capabilities in vitro.



For example, both BPH cells and prostate carcinoma cells expressed epidermal growth
factor (EGF) receptors and insulin-like growth factor (IGF) receptors. However, prostate
carcinoma cell lines contained higher levels of EGFR than BPH. The increase in EGFR
was also associated with a decline in androgen receptors and an increase in c-myc
expression which coincided with poor differentiation of the tumor cells. The expression
of H-ras was elevated to higher degree with the loss of glandular differentiation and K-ras
expression was elevated in grade III prostate carcinomas. The loss of differentiation was
also associated with the onset of bi-phasic IGF receptors in the higher grade tumors
(Davies et al, 1988). While growth factor receptors are known to function as oncogenes
in cancer, the transformation of androgen-dependent prostate carcinomas to androgen-
independent carcinomas allows for the potential of pharmacological intervention by
blocking these growth factor related, cell signaling pathways responsible for cell

proliferation, cytoprotection and tumorogenesis.

1.4 Growth Characteristics of Cancerous Human Tumors.

Growth factors function as endogenous extra-cellular agents in normal cell physiology
that moderate cell function or activate quiescent cell populations to proliferate by
entering the cell or differentiate into its respective cell type. Regulation of this process
occurs at several levels: (1) the bio-availability of the growth factor and its half life; (2)

the capacity to respond to the growth factor and the regulation of the growth factor



receptor, which is influenced by the presence of its respective ligand; (3) the ability of the
cell to relay the signal generated by the interaction of the growth factor and its receptor to

downstream effector mechanisms within the cell (Davies et al, 1988).

The first quantitative study of growth kinetics in malignant human tumors was performed
in 1956 by (Collins et al,) using serial chest x-rays to observe pulmonary metastases
growth rates. The doubling time of human malignancies varies from patient to patient.
(Tubiana et al, 1976) collected data from almost 400 patients with pulmonary metastasis
which were classified into five histological categories. When arranged in rank order of
magnitude with regard to doubling times, embryonic tumors had the fastest growth rate at
27 days, followed by malignant lymphomas at 29 days, mesenchymal sarcomas at 41

days, squamous cell carcinomas at 58 days and adenocarcinomas at 82 days.

Additionally, the degree of differentiation appears to be related to the doubling time of
tumors, e.g. poorly differentiated cancerous tumors generally progress more rapidly (Hall
EJ, 1987). Furthermore, when comparing the growth rates for primary and secondary
metastasis in breast and bronchial tumors within the same patients, the primary tumors
grew at a significantly slower rate than the secondary metastasis. In fact the metastatic
tumors grew at almost twice the rate as the primary tumor, (i.e.) primary squamous cell

carcinoma and adenocarcinomas doubled in volume in approximately 82 and 166 days



respectively, while the secondary metastatic tumors in the same patients doubled in size

in 58 and 83 days respectively (Charbit et al, 1971.)

The overall pattern of malignant tumor growth depends on three factors: (1) the cell cycle
of proliferative cells within the tumor population; (2) the fraction of cells within the
population that are proliferating versus those that are quiescent; and (3) and the rate of
tumor cell loss, either by cell death including apoptosis and necrosis, shedding or

immunological attack (Hall EJ, 1987).

Proliferating tumor cells are unrestrained by any homeostatic control mechanisms and
subsequently divide and proliferate as rapidly as they are able too. They are limited only
by their own inherited characteristics and the availability of sufficient nutrients necessary

to maintain growth.

Since tumors are not an organized tissue, they frequently outgrow their own blood
supply. This results in areas of necrosis within the tumor which is often accompanied by
hypoxic cells which can constitute as much as 15% of the total viable cell population
within the tumor mass. This leads to another consequence of the outstretched blood,
supply in that only a portion of the viable cells (the growth fraction) are able to proceed

through the cell cycle and multiply. Since the limit of diffusion from blood capillaries is



approximately 150 pm for oxygen, the typical tumor has on average a growth fraction of
between 30-50% which tends to be higher in areas close to blood capillaries and lower
near necrotic areas. The potentially explosive growth of human tumors is rarely
manifested in practice because of cell loss from metastasis, random cell death after
mitosis or cell death in necrotic areas of the tumor. However, the hypoxic tumor cell
fraction and the aerated quiescent cell population are recruited back into the cell cycle
after the tumor has shrunk as a result of radiation or cytotoxic drug treatment. This results
in tumor re-population and neo-angiogenesis all over again. This population presents the
challenge to scientists and clinicians as well as representing the nemesis to patients (Hall

EJ, 1987).

1.5 Tumor angiogenesis

In 1971 Judah Folkman proposed the idea that tumor growth is angiogenesis dependent.
This hypothesis stated that a tumor would remain dormant at a size of less than a few
millimeters unless neo-vascularization occurred to support tumor growth. But most
importantly, Folkman introduced the term anti-angiogenesis to describe a novel but then
unattainable potential therapy that would prevent neo-vascularization by the tumor. The
idea was largely ignored because endothelial cells had never been successfully cultured in
vitro and bioassay isolation methods for angiogenic factors were non-existent until the

early 1980’s (Folkman and Haudenschild, 1980).
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Later studies on biopsies of breast tissue to evaluate the presence of vascular endothelial
growth factor (VEGF), demonstrated that 60% of primary human breast cell carcinomas
expressed mainly VEGF when they were first diagnosed (Relf et al, 1997). In fact breast
cell tumors can express up to six angiogenic protein factors including vascular
endothelial growth factor (VEGF), acidic and basic fibroblast growth factor (bFGF),
tumor growth factor beta-1 (TGF-p), platelet-derived endothelial cell growth factor (PD-
ECGF), placenta growth factor (PLGF) and pleitropin in human primary breast cancer as
reported by Relf et al, 1997. In addition, the supporting stroma of the tumor can also
express VEGF (Fukumura et al, 1998). The expression of angiogenic promoters, (i.e.)
VEGF, has also been shown to increase the level of circulating endothelial precursor cells
from the bone marrow and migrate to the source of the promoter (Monestrioli et al,
2001).

An article by St.Croix in Science, 2000, established that endothelial cells in the tumor
bed contain 79 significant differences in gene expression than their counterparts in

normal tissue.

In parallel with the studies mentioned above, was the search for angiogenesis inhibitors in
which 11 were discovered in nearly 25 years since Folkman’s published his hypothesis.

These include endostatin, TNP-470, Thalidomide, 3-amino thalidomide, 2-
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methoxyestradiol, Interferon o/p and angiostatin among others (Folkman, 2003 and
Kerbel and Folkman, 2002). Of these compounds, several display mechanism
characteristics that are of interest to our studies. TNP-470 for example has been shown to
block cdk2, inhibit cdc and inhibit Rb-phosphorylation in endothelial cell cycle pathways
at concentrations 3 fold lower than that which inhibits tumor cell proliferation (Ingber et
al, 1990 and Sin et al, 1997). And endostatin has been shown to inhibit cyclin D1 in

endothelial cells (Hanai et al, 2002).

1.6 Xenografis of human tumors in animal models.

A wide variety of human tumor cells are able to be successfully transplanted as
xenografts in athymic nude mice for the development of experimental tumor models. It is
estimated that over 300 different and individual human tumors have been evaluated in
animal model systems (Steel et al, 1983). Typically, breast cell carcinomas and ovarian
cancers are the most difficult to graft, while tumors of the colon, bronchus and melanoma

are relatively successful.

Although, athymic nude mice are the easiest to successfully graft, some investigators
have resorted to other manipulations in order to study various tumor cell types in vivo.
These include immunosuppression by drugs, total body irradiation or a combination of

the two. Approximately 6 Gy is sufficient to destroy the animal’s immune system but this
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type of treatment often results in the death of the animal or animals within the

experimental group.

Human xenografts are able to retain human karotypes through serial passages of the cells
in vitro and also maintain some of the response characteristics of the individual human
tumor. To this extent they display great advantages for study over murine tumors alone.
Of course, this is not without certain drawbacks, first as mentioned above, the tumor cells
display tendencies to be rejected by some of the animals. Therefore the number of
animals receiving the human xenografts must exceed the number of animals proposed for
use in the planned study to insure an adequate number of animals per treatment group.
Additionally, the failure of human xenografts of some cell lines to proliferate as tumors
in animals can be misleading where tumor control is the observed end point. However,
growth delay and cell survival studies are probably affected to a lesser extent in this type

of cell line.

Secondly, human tumor cells can undergo changes in both cell kinetic and cell selection
when they are transplanted in mice (Kallman RF, 1987). As an example of this
observation, human xenografts typically have cell doubling times about one fifth the rate
seen in humans, therefore an increase in responsiveness to proliferation-dependent

chemotherapeutic agents should be expected in mice. Evidence for this comes from a
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field review by Steel and his colleagues in 1983, who concluded that human tumor
xenografts generally maintain the response characteristics of the class of tumor from
which they are derived with regard to chemotherapeutic treatment. But the individuality
of a tumor cell response also occurs between xenografts of the same class (Steel et al,

1983, Hermens and Barendsen, 1967 and Hermens and Barendsen, 1969).

Thirdly, while the histological characteristics and cell morphology features are usually
well maintained in xenografts, the stromal tissue is of mouse origin. As a consequence,
tumor cell xenografts of human origin are not any more valid than murine tumors for any
studies evaluating the importance or effects on tumor vascular supply. As an example, the
observed fraction of hypoxic cells in xenografts of human origin is much the same as in

mice tumors (Tannock IF, 1968).

However, with regard to chemotherapeutic agents, there exists a strong correlation
between a xenografts growth delay in vivo and clinical remission of the donor patients.
For example, testicular cancer was the most responsive in the clinic and in xenografts,
followed by breast cell carcinoma and small cell lung cancer. The least responsive were
melanoma, colon and non-small cell lung which was last. This same pattern is also

observed in studies using radiation therapy and tumor response evaluated as growth



delay, which in human xenografts exhibits a pattern similar in response to that of the

clinical responsiveness in patients (Kallman RF, 1987).

14
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1.7 Epidermal Growth Factor Receptors

Epidermal growth factor receptor (EGFR) is one of the best examples of receptor tyrosine
kinases in oncogenic cell signaling. The ErbB proto-oncogene family of receptor
mediated tyrosine kinases are comprised of ErbB1, ErbB2, ErbB3 and ErbB4 and are
often referred to as EGFR, HER2/Neu2, HER3 and HER4. (See Figure 2) The autocrine
growth ligands epidermal growth factor (EGF) and transforming growth factor alpha
(TGFa) bind to EGFR which results in receptor homo- or hetero-dimerization with other
ErbB receptors, which activates its intracellular tyrosine kinase domain and trans-
phosphorylates the other. This action initiates the MAP-kinase cascade described below
that includes protein kinase C and activates the transcription of pro-growth stimulatory

proteins such as cyclin D. (See Figure 1 and Figure 2).

EGFR is over-expressed or amplified in some cancers e.g. mammary carcinomas and
structurally altered in others. One example is EGFR VIII, a truncated form of EGFR
found in glioblastoma. This form is auto-phosphorylated and independent of EGF

stimulation because the kinase is constitutively active.

The ErbB2/HER2 receptor is activated by heregulin/neuregulin and its kinase cascade
also includes MAPK and Akt. ErbB2 may facilitate the activation of the other ErbB

receptors by heterodimerization. And along with ErbB1 may have a cytoprotective role
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against cellular stress and insult. HER?2 is over-expressed in 25-30% of breast cancers
which eliminates its estrogen dependency (ER-) and is associated with a more aggressive

form of breast cancer.

ErbB3 receptors appear to lack an active tyrosine kinase domain due to a substitution of
asparagine for aspartic acid at its catalytic site and are reliant on heterodimerization with
other ErbB family members to mediate signaling. ErbB3 receptors bind ligands of the
heregulin/neuregulin family but not EGF or TNFa. ErbB4 receptors also bind
heregulin/neuregulin, but unlike ErbB3, they possess a functional tyrosine kinase domain

which implicates them in pathological processes such as cancer.
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(Figure 1.) EGF Receptor tyrosine kinase activation (RTK) of downstream MAPK
pathways. Growth factor (EGF) stimulation leads to RTK dimerization and
autophosphorylation on multiple tyrosine residues. These residues serve as docking sites
for adapter molecules such as Grb2-SOS complex. Adapter proteins tether multiple
proteins to a single signaling pathway, e.g. MAPK. The RTK-Grb2-SOS complex
triggers activation of Ras by the exchange of GDP for GTP. Ras then initiates an orderly
phosphorylation cascade of Raf-MEK-ERK-Rsk which is required for cell proliferation.
The end result is phosphorylation of multiple transcription factors which bind DNA and

induce transcription.
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1.8 Mitogen Activated Protein Kinase and Cell Signaling.

The most well known and studied signal transduction pathway is the Ras-Raf-MEK-ERK
pathway. Ras is the primary activator of the Ras-Raf-MEK-ERK pathway and essentially
functions as a GTP switching mechanism (Denhardt, 1996, Campbell et al, 1998 and

Gille and Downward, 1999). (See Figure 1 and Figure 2).

Ras is activated by growth-factor mediated receptor tyrosine kinases (RTKs), as well as
other stimuli. Ras is inactive in a GDP-bound state, but then activated in a GTP-bound
state in which both states are facilitated by guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs). The RTKSs are activated by growth factors e.g.
epidermal growth factor (EGF) which results in the phosphorylation of tyrosine residues
in their cytoplasmic domain. The phosphotyrosine residues then bind to different Src
homology 2 (SH-2) sites on adapter proteins such as She, which is then, phosphorylated
itself. Then growth factor receptor 2 (Grb2) can bind to certain phosphotyrosines on
RTKSs or Shc which are associated with the GEF, son of sevenless (SOS) which in turn is
trans-located from the cytosol to the inner plasma membrane where it engages the
membrane bound inactive form of Ras which causes Ras to release its bound GDP which
is then replaced by GTP. In short, Shc, Grb2 and SOS proteins relay the mitogenic signal

from the cell surface receptor (e.g. EGFR) to Ras.
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Active Ras is then inactivated by a GAP e.g. p120 which facilitates the GTPase ability of
Ras and reverts to the inactive Ras-GDP. The overall activity of the Ras-Raf-MEK-ERK
pathway is determined by the activities of GEFs and GAPs. In human cancers, Ras
mutations are frequently found on the Ras domain responsible for its GTPase activity.
The most frequent mutations occur at Glylz, Gly13 , Ala’® and GIn®'. Mutations at Glylz,
Gly" or Ala® interfere with the conformational changes induced by the binding of GAP
which then interferes with the ability of GIn® residue to re-position itself and catalyze the
hydrolysis of GTP to form the inactive Ras (Scheffzek et al, 1998 and Macaluso et al,
2000). These mutations allow for what is known as “constitutively active or oncogenic

Ras” found in human cancers.

Another Ras domain containing the amino acid residues 32-40 interacts with downstream
Ras effector proteins (Campbell et al, 1998 and Webb et al, 1998) The domain is
important for the activity of the Ras-Raf-MEK-ERK pathway in that mutations in this
region (i.e.) amino acids at position 37 and 40 have been shown to cripple the ability of

Ras to interact with and activate Raf (Web et al, 1998).

Raf, the second effector molecule in the Ras-Raf-MEK-ERK signal transduction pathway
is a serine/threoinine family of kinases comprised of A-Raf, B-Raf and Raf-1 or C-Raf.

Raf-1 or C-Raf has been the most extensively studied of the Raf family members.
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Inactive Raf-1 is kept inactive by an adaptor protein, 14-3-3 when it is not interacting
with Ras-GTP (Kolch, 2000 and Dhillon and Koch, 2002). The adaptor protein 14-3-3
contains a cysteine-rich domain (CRD) that interacts with the two phosphorylated

51 This interaction allows the CRD

inhibitory sites on the Raf-1 molecule, ser™ and ser
of 14-3-3 to associate with the kinase domain of Raf-1 and inhibit its kinase activity. Raf-
1 is indirectly phosphorylated by binding to active Ras-GTP and phosphotidylserine by
way of its RAS binding domain (RBD) which localizes Raf-1 to the cytoplasmic side of
the plasma membrane. When activated Ras-GTP binds to Raf-1, the 14-3-3 adaptor
protein is dissociated from the phosphoserine residue which results in the de-
phosphorylation of serine 2*° by protein phosphatase 2A (PP2A), which in turn results in
the CRD of 14-3-3 to dissociate from the kinase domain of Raf-1. At this point, Raf-1 is
primed for activation by other kinases, which phosphorylate Raf-1 at ser>>® and ty1'3 *I'in
its kinase domain which synergistically activate Raf-1 kinase activity and within the
activation loop at thr*!, ser** and ser™” (Kolch, 2000). If these sites are mutated, Raf-1
kinase activity is nearly abolished. The phosphorylated ser”® residue is important for
both Raf-1 kinase activation and downstream activation of MEK and ERK kinases as
well.

338

However, ser’” phosphorylation is not the only requirement for Raf-1 kinase activation,

341

in that tyr’"" phosphorylation has been shown to relieve the repression of the kinase
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domain by the regulatory domain and correlates with the magnitude of Raf-1 activation
as well. Other important phosphorylation sites occur within the activation loop as well.
Thr*! and ser* have been shown to become phosphorylated in a mitogen-dependent
manner by Dhillon and Kolch, 2002. While phosphorylation of ser*” is involved in the
activation of protein kinase C (PKC) but mutation of ser*® does not interfere with MEK
activation but only Raf-1 auto-phosphorylation. These multiple phosphorylation sites
within Raf-1 and the different levels of activity associated with these phosphorylation
sites imply that different mitogens could activate Raf-1 to different extents specific for a
particular mitogen activating factor. Or multiple mitogen activated pathways could
converge on Raf-1 and synergize to produce maximal activity in these pathways
(Denhardt DT, 1999).

Additionally, Raf-1 is also negatively regulated by phosphorylation. For instance, ser®
exists in an un-phosphorylated state in activated Raf-1; if it becomes phosphorylated by
perhaps a MAPK then Raf-1 cannot maintain its affinity for Ras-GTP and is released
from Ras. The release of Raf-1 allows Ras GAP to associate with Ras-GTP which results
in the down regulation Ras signaling. Other proteins such as SUR-8 ( a Ras-8 suppressor)
can regulate Ras activity by forming a complex between Ras-GTP and the Raf-1 kinase
domain (Kolch, 2000) and a scaffolding protein involved in the Ras-Raf-MEK-ERK

pathway known as KSR (kinase suppressor of Ras) simultaneously binds Raf-1 and
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MEK /2 which facilitates the activation of MEK1/2 by Raf-1. KSR has also been shown
to bind ERK1/2 which allows for the activation of ERK1/2 by MEK1/2 (Roy et al, 2002).
And KSR is regulated by phosphorylation of ser’’? which allows the binding of the 14-3-

3 adaptor protein that confines KSR to the cytoplasm.

Other proteins that have been shown to have interactions with Raf-1 are the heat shock
protein 90 (hsp90) and a Raf kinase inhibitor (RKIP). Hsp90 prevents the degradation of
Raf-1 and when hsp90 activity is inhibited, Raf-1 is ubiquitinated and degraded. Hsp90
has been purported to be a chaperone for Raf-1 allowing it maintain its biological
structure and activity (Schulte et al, 1997). While RKIP is a negative regulator of Raf-1
by preventing the interaction between Raf-1 and MEK1/2 which prevents the down-
stream signaling of Raf-1 which itself can be abolished by KSR permitting Raf-1 to

phosphorylate MEK1/2 (Yeung et al, 2000).

MEK /2 is dual specificity kinase for threonine and tyrosine residues of ERK1/2.
MEKs are regulated by regions of their C-terminal which may determine their cellular
distribution and interaction with Raf-1 to activate ERK1/2 (Cha et al, 2001). A proline —
rich region and multiple phosphorylation sites appear to regulate MEK1/2 activity. The
investigation of mutated forms of MEK1/2 with C-terminal deletions demonstrated that

MEK1/2 mutants were unable to phosphorylate ERK1/2 or become phosphorylated
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themselves by constitutively active Raf-1. And they appeared to be associated with
compartments in the plasma membrane instead of being distributed throughout the
cytoplasm. Other proteins are also associated with MEK /2 activity. The adaptor protein
MP1 has been shown to interact with MEK-1 and ERK-1 by bringing the two into close
proximity with each other and allowing MEK-1 to phosphorylate and activate ERK-1.
MP1 acts in a preferential manner with MEK and ERK-1 which facilitates the activation
of ERK-1 over ERK-2 (Kolch, 2000 and Dhillon and Kolch, 2002) but the physiological

impact of this unknown.

ERK1/2 are serine/threonine kinases that phosphorylate and regulate various transcription
factors and other proteins. As mentioned above, ERK1/2 phosphorylation is facilitated by
scaffolding proteins like KSR which bring MEK1/2 into close proximity with ERK1/2.
After which they are purported to be directed to their intracellular targets by way of
docking-domains (Barsyte-Lovejoy et al, 2002). These so called “docking domains” are
located on intracellular targets such as transcription factors. And ERKs also contain
reciprocal docking domains which interact with sub-motifs of the target docking domain
which consist of a series of basic amino acids and hydrophobic amino acids with LXL-
sub-motifs (Barsyte-Lovejoy et al, 2002). These sub-motifs are then known to be slightly
modified to ensure that they are activated by only one specific type of mitogen activated

protein kinase (MAPK), (e.g. p38 or ERK1/2).
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In addition to being regulated by docking domains, ERKSs can be dephosphorylated by
mitogen-activated protein kinase phosphatase-3 (MKP-3) which is a dual specificity
kinase (Nichols et al, 2000). This group demonstrated that MKP-3 can both activate and
dephosphorylate ERK. Studies done with p38/ERK chimeras indicated that MKP-3 binds
to the C-terminal domain of ERKSs and this binding site overlaps with the substrate
specificity domain for the ERKs. This observation was consistent with the fact that some

ERK1/2 substrates such as EIk-1 and p90™ inhibit ERK-dependent activity of MKP-3.

Activation of the ERK1/2 pathway can result in a variety of cellular effects. Whether or
not this activation results in regulation of cell proliferation versus differentiation and cell
survival appears to be dependent on the amplitude and duration of ERK1/2 activation. A
short activation of the ERK1/2 cascade has been shown to correlate with enhanced cell
cycle progression through the G;-S transition phase (Tombes et al, 1998). On the
contrary, a prolonged ERK1/2 activation has been shown to inhibit DNA synthesis by the
up-regulation of Cdk inhibitor protein p21CIPl by a process referred to as super-induction,
which may result in cellular differentiation or death (Park et al, 2000). ERK1/2 activation
may also play a larger role in cell cycle progression in addition to that of the G1-S phase
transition. It may also be involved in the enabling of cells to progress through G2/M
particularly following DNA damage-induced growth arrest (Vrana et al, 1999 and Hayne

et al, 2000).
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The Ras-Raf-MEK-ERK signal transduction pathway has also shown the ability to
integrate growth factor stimulation with regulation of the G1/S restriction point and cell
cycle progression by Aktas et al, 1997. Primarily this involves the regulation of Cdk4,
Cdké, cyclin D1 and p27“P! by Ras. The activation of Cdk4/6 by the binding of cyclin
D1 along with the down-regulation of the Cdk inhibitor p27“P! is known to promote cell
cycle progression. A dominant-negative Ras mutant was utilized to prove the induction of
cyclin D gene expression and down-regulation of p27""! gene expression resulted from
Ras signaling. This study also demonstrated that the over-expression of cyclin D1
eliminated the necessity for active Ras to facilitate progression through the cell cycle.
The up-regulation of Cdk4/6 activity is achieved by the ability of Ras to both increase
cyclin D1 levels and decrease p27kipl activity which drives the cell out of G1 and into S

phase.

Growth factors by themselves result in only a transient increase in ERK activity,
especially in adherent cells, and in order for a cell to proceed through the G1/S
checkpoint a sustained level of ERK activation must be maintained. Schwartz and
Assoian, 2001 describe the engagement of integrins with the extracellular matrix as

essential for sustained ERK activity.
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1.9 Integrin Signaling

Integrins generally have a long extracellular domain and a short cytoplasmic domain
devoid of kinase activity. This large group of heterodimers individually exists as a single
a and single B chain. There are 16 different a and 8 different B chains that form the 22
known integrins (Hulleman and Boostra, 2001).

The cytoplasmic domains of the integrins typically interact with other intracellular

proteins such as kinases or adapter proteins.

Of the known integrins, several have been shown to enhance cell proliferation by
engaging with components of the extracellular matrix while the cells are exposed to
growth factors. As an example, the integrin a5B1 has been shown in fibroblasts to up-
regulate cyclin D1 expression by causing a sustained level of ERK activity in cells treated
with growth factors (Roovers et al, 1999). While the integrin avf3, has been shown to

promote cell cycle progression through the G1/8S restriction point.

In one set of experiments, fibroblasts treated with platelet-derived growth factor (PDGF)
were shown to enhance their proliferation when the integrin avp3was engaged with
vitronectin (Schneller et al, 1997). In another set of experiments, vascular smooth muscle

cells were exposed to epidermal growth factor (EGF) while the integrin avp3 was bound









Control

DAY 5, MDA-MB-231
PD184352 UCN-01

Appendix v: Figure 13a. Expanded View




Appendix vi: H&E stained MDA-MB-231 tumor treated with PD/UCN-01. Photo used for the cover of the
November issue of Cancer Biology & Therapy which includes Hawkins et al., Vol. 4:11, pages 1275-84, 2005.
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